I. INTRODUCTION
The uranium monoxide and dioxide molecules have been the focus of many recent theoretical investigations because of their complex bonding and electronic structure due to strong relativistic effects, spin-orbit coupling, and strong electron correlation effects. [1] [2] [3] [4] [5] [6] [7] [8] These factors make even the simplest actinide-containing molecules quite challenging electronic systems computationally. In order to calibrate the accuracy of various calculations, highly accurate experimental data are needed. High-resolution photoelectron imaging of anions is a powerful experimental technique to obtain highly accurate electronic and vibrational information for the corresponding neutral molecules. 9 Earlier experimental work on uranium oxides concerned their infrared spectra recorded in argon and krypton matrices. [10] [11] [12] These experiments suggested the ground state of UO 2 to be 3 H 4g . However, experiments in a neon matrix suggested that the vibrational frequencies matched better with a ground state of 3 Φ 2u . 1 Subsequently, it was shown that uranium has significant interactions with the argon matrix, leading to the so-called "ground state reversal," because argon is four times more polarizable than neon. 13, 14 However, this matrix effect was not observed in fluorescence spectroscopy experiments. 15 Further, gas phase experimental and theoretical studies confirmed the 3 Φ 2u ground state with an electron configuration of (7sσ g ) 1 (5fφ u ) 1 . 1, 4, [16] [17] [18] [19] Recently, the Wang group reported a photoelectron spectroscopy (PES) study of UO 2 − using a magnetic-bottle PE analyzer and a broad photon energy range. 20 Significant electron correlation effects a) E-mail: lai-sheng_wang@brown.edu were observed, as manifested by numerous two-electron transitions. The experimental data were interpreted by highlevel theoretical calculations, which also confirmed the ground state of UO 1 ]. There have also been numerous experimental and theoretical works pertaining to UO. Similar to UO 2 , infrared spectroscopy on UO was carried out in argon and krypton matrices in early experimental works, reporting a vibrational frequency of ∼820 cm −1 . 10, 12 Later experiments in a neon matrix found this frequency to be 889.5 cm −1 . 1 Gas phase investigations on UO X(Ω = 4) reported the first vibrational interval for the ground state of UO to be ∆G 1/2 = 882.35 cm −1 , which was found to be perturbed in the ν ′′ = 0−4 range. 21 A deperturbation analysis was performed to derive a diabatic vibrational constant of 846.5 ± 0.6 cm −1 . 21 Two recent theoretical studies predicted the unperturbed vibrational frequency to be 846 and 869.12 cm −1 . 1, 8 To the best of our knowledge, the large matrix shifts on the UO vibrational frequency have not been investigated theoretically. Gas-phase fluorescence spectroscopy was used to determine the symmetries and angular momenta of the ground and many excited states of UO. [21] [22] [23] [24] Ligand field theory calculations were carried out subsequently to determine the electron configurations of many of the experimentally observed states. 21 These calculations were used in further experimental works to determine the electric dipole moments and magnetic g factors for UO. 25 A recent study has been performed on the isoelectronic species of UF and UF + , which show many similarities in the electronic structure. 26, 27 In the current article, we report a high resolution PE imaging study of UO − and UO 2
−
. In addition to providing 
II. EXPERIMENTAL METHOD
The high resolution imaging apparatus has been described in detail recently, [28] [29] [30] [31] and only a brief summary is provided here. The UO − and UO 2 − anions were produced using a laser vaporization supersonic cluster source using an uranium disc target (Goodfellow Corporation). A pure helium carrier gas seeded with 10% Ar was used as the carrier gas. Oxidation of the target surface provided enough uranium oxides to produce the UO − and UO 2 − anions. After passing through a skimmer, anions from the cluster beam were extracted perpendicularly into a modified Wiley-McLaren time-of-flight mass spectrometer. Species of interest were then mass selected before entering the interaction zone of the imaging lens. A tunable Continuum Sunlite EX OPO, pumped with an injection-seeded Continuum Powerlite laser, was used for photodetachment. Photon energies for the current experiment were between 1.1696 and 2.5005 eV with ∼150 µJ per pulse and a line width <0.3 cm −1 . The detachment laser was calibrated over a range of photon energies using a Bristol 821 series pulsed wavelength meter. The difference between the measured and expected photon energies was typically around 0.1 meV (∼0.8 cm −1 ). Photoelectrons were focused onto a micro-channel plate coupled to a phosphorus screen and a charge-coupled device (CCD) camera. The repeller voltage of the imaging lens was −300 V for spectra taken at photon energies below 1.5001 eV and −800 V for the spectrum measured at 2.5005 eV photon energy. A half-wave plate and a Glan-laser polarizer were used to ensure the polarization of the detachment laser was parallel to the imaging detector. The recorded 2-dimensional (2D) images were converted to 3D using an inverse-Abel transformation in the BASEX program. 32 Typical experiments required 100 000-200 000 laser shots with the exception of the 2.5005 eV spectrum, which required about 500 000 shots to obtain satisfactory signal-to-noise ratios. The resolution of the current imaging lens can reach 1-3 cm −1 for low energy electrons, as described previously. [28] [29] [30] [31] An important piece of information obtained in photoelectron imaging is the anisotropy parameter ( β), which describes the angular distributions of photoelectrons. This can be calculated from the reconstructed images by analyzing the photoelectron differential cross-sections (σ),
where P 2 (cosθ) = 1 2 (3cos 2 θ − 1) is the second order Legendre polynomial, and θ is the angle of the ejected electron relative to the polarization of the laser. The photoelectron angular distribution (PAD) is given by
where β is the anisotropy parameter, which has values between −1 ≤ β ≤ 2. This model works well for particles that are ejected from randomly oriented molecules undergoing an electronic transition if only a single photon is absorbed. For detachment from pure atomic orbitals with angular momentum l, the ejected photoelectrons will carry angular momentum, l ± 1. For detachment from a pure atomic s-orbital, hence, the outgoing wave will have l = 1 (pure p-wave) and β = 2. The value of β for molecular orbitals is more difficult to interpret because they are linear combinations of atomic orbitals. It has been determined that photoelectrons originating from a σ orbital will converge to a β value between 1.5 and 2.0.
34
Detachment from a π orbital will converge to a value for β < 0 and detachment from a δ orbital will converge to a value for β > 0. 34 Only peaks observed at multiple photon energies with high intensity will yield values for β in this study. Spectral transitions with low signal-to-noise ratios did not allow us to accurately fit Eqs. (1) and (2). Figure 1 shows the photoelectron spectrum taken at a photon energy of 2.5005 eV. Several intense peaks (X, A, a, and B) are observed in the low binding energy range with numerous weak peaks (b-g) beyond 1.6 eV. Vibrational progressions for the X, A, and B states are labeled. This spectrum is similar to the 532 nm spectrum reported recently using our magneticbottle PES apparatus, 20 but better resolved with the current imaging apparatus. The labels for the low binding energy peaks are similar to the previous report, but the weak peaks are labeled differently because some of the weak peaks are not observed in the current spectrum due to the poorer signal-tonoise ratios or the photon-energy dependent intensity change.
III. EXPERIMENTAL RESULTS

A. UO 2 −
Higher resolution spectra are measured for the low binding energy part of the spectrum at lower photon energies: 1.1796, 1.2297, 1.3299, and 1.5001 eV, as shown in Fig. 2 labeled as X represents the detachment transition from the ground state of the UO 2 − to that of the neutral UO 2 and defines the EA of UO 2 accurately as 1.1688 ± 0.0006 eV, measured from the lowest photon energy spectrum at 1.1796 eV ( Fig.  2(a) ). A short vibrational progression is observed from this transition with a frequency of about 856 ± 6 cm −1 (Figs. 1, 2(c), and 2(d)), corresponding to the symmetric stretching mode of the ground state of UO 2 . The peak A at a binding energy 1.2118 ± 0.0006 eV corresponds to the first excited state of UO 2 . A vibrational progression is also observed with a frequency of 840 ± 12 cm −1 ( Fig. 2(d) ). A second excited state, B, with much weaker intensity ( Fig. 2(d) ) is discerned as the shoulder of the first vibrational peak of peak A with a binding energy of 1.3244 ± 0.0006 eV. The B state exhibits a vibrational progression with a frequency of 796±3 cm −1 . This transition has higher intensity at higher detachment photon energies, as shown in Fig. 1 , as well as at 532 nm previously. 20 The spectrum at 1.2297 eV (Fig. 2(b) ) clearly shows a peak labeled as X ′ at 1.2003 ± 0.0007. This peak is assigned as the bending mode of the ground state, for which symmetry selection rules allow only for the observation of levels with even quanta. This assignment provides a vibrational spacing for the even quanta of 254 ± 7 cm −1 or a bending frequency of ν 2 = 127 ± 7 cm −1 , which is in good agreement with the previous experimental value. 16 Surprisingly, the bending mode is not observed in the 1.3299 eV spectrum (Fig. 2(c) ) and the 1.5001 eV spectrum (Fig. 2(d) ). In our previous study, at 532 nm, the bending mode was observed for the A state, but it is not observed in the current spectra (Figs. 1, 2(c), and 2(d) ). This photon energy dependence of the bending excitation is interesting and is not currently understood.
Two hot bands are also observed clearly in Figure 2 . The peak at 1.0654 ± 0.0013 eV (hbX) is assigned as the transition from the vibrational hot band of the symmetric stretching mode of the anion to the ground state vibrational and electronic state of neutral UO 2 . A stretching frequency of 830 ± 10 cm −1 is measured for the UO 2 − anion. The peak labeled hbA is assigned to the transition from the hot band of the stretching mode of the anion ground state to the vibrational ground state of the first excited state (A) of UO 2 . A frequency is measured to be 820 ± 10 cm −1 . Taking the average of the two hot band transitions, we estimate a stretching frequency of 825±10 cm
for the UO 2 − anion. Table I lists the adiabatic detachment energies (ADEs) of all the observed detachment transitions of UO 2 − . It should be noted that peaks X and A were derived from a single electron detachment with the removal of an electron from the 2σ g (7s) orbital and peaks a, B, and C were derived from two-electron transitions. 20 The remaining peaks (b-g) were assigned qualitatively due to the high density of states and will be discussed below. 20 Table II summarizes the vibrational frequencies of UO 2 − and the three low-lying electronic states of UO 2 . The binding energies of all these peaks are given in Table I and compared with those reported in Ref. 20 .
Finally, we are able to obtain the β values for the ground state transition (X), the bending mode (X ′ ), and the first excited state (A). These values are plotted with respect to the electron kinetic energy in Figure 3 . Fig. 4 presents the PE spectra of UO − , revealing a number of well-resolved detachment transitions. The peak labeled X corresponds to the detachment transition from the ground state of UO − to that of neutral UO and defines the EA of UO accurately as 1.1407 ± 0.0007 eV from the 1.1696 eV photon energy spectrum (Fig. 4(a) ). A vibrational feature is also observed for the ground state transition (Figs. 4(b) and 4(c)), resulting in a U-O vibrational frequency of 878±8 cm −1 , in good agreement with those reported previously. 21 Three relatively weak peaks (A, B, C) are observed just above the ground state at ADEs of 1.1524±0.0008, 1.1586±0.0005, and 1.1748±0.0016 eV, respectively. A strong peak D is observed at 1.2699 ± 0.0006 eV, which has a vibrational feature with a stretching frequency of 849 ± 6 cm −1 . Table III summarizes  the ADEs of all the observed detachment transitions, while  Table IV lists the observed vibrational frequencies compared to previous works. We have also determined the β values for 
B. UO −
the three more intense peaks in the PE images of UO − , as shown in Fig. 5 as a function of the electron kinetic energy.
IV. DISCUSSION
A. UO 2
−
The current high-resolution PE imaging data on UO 2 − are consistent with the recently reported PE spectra at 532 nm. 20 Hence, the interpretation will be largely based on the recent work. The ground electronic state of UO 2 − is known to be 2 Φ 5/2u (2σ g 2 1φ u 1 ). 20 The first excited state of the anion ( 2 ∆ 3/2u ) is calculated at the SO-CASPT2 level of theory to lie 0.26 eV higher in energy and it is not expected to be populated experimentally. 20 Thus, all the detachment transitions should correspond to the ground state of UO 2 − . 20 The current more accurate EA of 1.1688 ± 0.0006 eV for UO 2 agrees with the previous value of 1.159 ± 0.020 eV. 20 Table I compares the current data with the previous experimental and theoretical data reported in Ref. 20 where all the vertical detachment energies (VDEs) were offset by 0.062 eV for comparison to the experimental data.
No vibrational structures were resolved for the ground state transitions in the previous PE study. 20 In the current work, two vibrational modes are resolved for the ground state: the symmetric stretching mode (856 ± 6 cm −1 ) and the bending mode (ν 2 = 127 ± 7 cm −1 ). The stretching frequency has been calculated in a number of previous studies in the range of 809-896 cm −1 , 1-3,13 all in fairly good agreement with the current value. The bending frequency observed in the current work is in excellent agreement with a previous experimental report of 120 ± 10 cm −1 . 16 The current stretching and bending frequencies observed for the ground electronic state of UO 2 are compared with previous calculations in Table II . The hot band transitions yield a stretching frequency of 825 ± 10 cm −1 for the UO 2 − anion, in excellent agreement with two previously calculated values of 832 and 825 cm −1 .
1,3
The peak corresponding to the even quanta of the bending mode (X ′ in Fig. 2(b) ) has a β value of nearly zero at a kinetic energy of 0.0294 eV (Fig. 3) . This β value is quite different from that of the nearby peak A, which has a β value of 1.04 at a kinetic energy of 0.0179 eV (Fig. 3) . Despite the fact that both transitions are from detachment from the 2σ g orbital, the difference in β value is probably due to a final state effect. A model has been proposed previously to determine the β parameter of a molecular orbital by using linear combinations of all outgoing waves weighted by the population of each atomic orbital that contributes to the molecular orbitals. 35 This model has shown that transitions from the same molecular orbital to different final states result in different values for β. 35 One limitation of this model is the lack of photon energy dependent effects to the interference term and phase shift from the Cooper-Zare formula. 36 In addition, this model requires quantum chemical calculations that are outside the scope of this report so it will only be used qualitatively. Therefore, we will only use the sign and magnitude of β to extract information about the relative peak intensities, because, according to the Wigner threshold law, intensity will decrease for electrons with angular momentum l > 0 near threshold. 37 The smaller β value at low kinetic energies means peak X ′ should have a larger cross-section, relative to that of peak A at this photon   FIG. 3 . Anisotropy parameters (β) obtained for UO 2 from peaks X, X ′ , and A at various electron kinetic energies. energy, as observed in Fig. 2(b) . The electronic transition for peak X ′ is the same as peak X, whose β value rises rapidly with increasing photon energy (Fig. 3) , so we expect the value of β for X ′ to rise rapidly as well. Hence, the rapid increase of the β value with photon energies could partially explain why the detachment cross section for the X ′ peak diminishes in Figs. 2(c) and 2(d) . In the meantime, the cross section for peak A increases with photon energies, becoming the most intense peak in the 2.5005 eV photon energy spectrum (Fig. 1) .
Peak A represents the detachment transition to the first neutral excited state ( 3 Φ 3u ) ( Table I ). The excitation energy of the A state is 347 cm −1 , in good agreement with previous experimental and theoretical results. 1, 2, 4, 6, 7, 15, 16, 20 The β value for the A state converges to 2, as the electron kinetic energy increases (Fig. 3) . This observation is consistent with the assignment that the first excited state results from detachment from the 2σ g orbital, which mainly consists of the uranium 7 s orbital (outgoing p-wave with β = 2). Our observed frequency of 840 ± 12 cm −1 for the symmetric stretching mode of the A state agrees well with previous experimental and theoretical values (Table II) .
1,2,20 Surprisingly, we did not observe the bending mode for this state that was observed in the previous PES study. 20 We suspect that this is due to the fact that the anisotropy parameter of the outgoing wave is greater than zero, and therefore, the detachment cross section is not favored when the photon energy is just above the threshold.
The next peak, B, corresponds to the second excited state ( 3 ∆ 1u ) of UO 2 (Table I ). The excitation energy of the B state is measured quite accurately to be 1255 ± 5 cm −1 , which agrees with the value of 1400 ± 150 cm −1 obtained previously using fluorescence spectroscopy in an argon matrix 15 and the previous PES study. 20 The obtained stretching frequency in the current study is 796 ± 3 cm −1 , consistent with previous experimental and theoretical values (Table II) . 2, 20 However, one difference with the previous magnetic-bottle PES experiment is the feature with a binding energy of 1.38 eV in Fig. 1 . The previous report tentatively assigned this peak as another excited state [56% 3 ∆ 2u (2σ g 1δ u )+41% 1 ∆ 2u (2σ g 1δ u )] (Table I) , due to the fact that it did not fit into a vibrational progression. The current high-resolution data show that it is better to assign it as part of the stretching vibrational progression of the ground state X. It is possible that one of the shoulders on either side of the 1.38 eV peak could correspond to this excited state. Unfortunately, the detachment cross section is too low in the high resolution spectrum at 1.5001 eV (Fig. 2(d) ) to allow a more definitive assignment.
The peaks labeled B and a were attributed to two-electron processes previously. 20 Most of the transitions assigned to peaks b-g are also due to two-electron processes, where there is one-electron detachment from one of the 2σ g 2 1φ u 1 orbitals while another electron is simultaneously excited to a higher-lying unoccupied 5f, 6d, or 7p orbital, with the exception of the 3 Φ 4u state under peak b and the 3 Φ 3u state under peak c which correspond to one-electron detachment processes. 20 However, it should be noted that peaks b-g were only qualitatively assigned because of the extremely high density of states, the limitation of the accuracy using approximate quantum mechanical and relativistic methods, and the unsaturated atomic basis sets used for such a complicated system as previously reported. 20 Table I compares the current observations with the previous experimental and theoretical data performed using ab initio wave function theory with the multi-configurational approach including spin-orbit and relativistic effects in our previous study. 20 The calculated VDEs were in good agreement with the current results. The current data are consistent with the previous experimental results, except one feature at 1.63 eV, which was labeled as "b" in the previous PES study, 20 but it is clearly not observed in the current study at 2.5005 eV (Fig. 1) . These multi-electron transitions are due to the strong electron correlation effects and they have very weak detachment cross sections. The difference in the two studies could be a result of photon energy dependent detachment cross sections.
B. UO −
The electronic structures of the ground state and many excited states of UO have been determined previously. 5, [21] [22] [23] [24] Low-lying states of UO were reported in a previous experimental study to arise from two configurations: U 2+ (5f 3 7s 1 )O Under this assumption, removal of a 7s electron will remove ±0.5 units of spin angular momentum along the axis preferentially forming a molecule with Ω = 4 or 5, which agrees with the strong peaks X and D observed in our PE spectra (Fig. 4 and Table III) .
Our PE spectrum at 1.1696 eV (Fig. 4(a) ) gives rise to an accurate EA for neutral UO as 1.1407 ± 0.0007 eV, defined by the X band, which represents the detachment transition from the ground state of UO − to that of UO. We observed a vibrational frequency of 878 ± 8 cm −1 for the ground state of UO. This frequency is in good agreement with the gas phase measurements reported from the Heaven group, 22 shown in Table IV .
The separation of peaks X and D is 1042 ± 7 cm −1 , in excellent agreement with the excitation energy of 1043.00 ± 0.03 cm −1 observed for an excited state of UO previously . 5 This was found to be the lowest energy excited electronic state, which means that peaks A and B might come from detachment transitions from a small population of electronically excited UO − molecules to the excited states of neutral UO. 5, [21] [22] [23] [24] It is likely that these excited anions have the U + (5f 3 7s 2 )O 2− configuration but with different orbital angular momenta arising from the 5f 3 configuration. In order to define these transitions, more accurate calculations on the excited states of UO − are needed. The β value of the X band increases with kinetic energy and it approaches a value of 1.3, suggesting a p-wave detachment channel. It will likely rise above 1.5 with higher kinetic energy. This observation is consistent with detachment of a σ g electron from UO for peak D is about 1.45 at a kinetic energy of 0.23 eV, which is also consistent with detachment from a σ g orbital as predicted above. Peak C does not converge to a value in the kinetic energies studied, but we suspect it will eventually converge to a value less than zero because it is gradually decreasing. This would be consistent with the predicted detachment from a π orbital. 
V. CONCLUSIONS
High resolution photoelectron spectra of the UO − and UO 2 − anions have been obtained using PE imaging. Accurate electron affinities of 1.1688 ± 0.0006 and 1.1407 ± 0.0007 eV have been determined for UO 2 and UO, respectively. Both low-lying electronic structure information and vibrational information have been obtained for UO and UO 2 . In addition, the U-O stretching frequency for UO 2 − is observed from the hot band transitions. The electronic and vibrational information for UO 2 and UO are interpreted using previous experimental and theoretical results. Three observed low-lying excited states of UO are assigned by comparing with previous experimental data. The current study provides accurate electronic and vibrational information, which will be valuable to verify further theoretical development.
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